DNA methylation in gene promoters causes gene silencing and is a common event in cancer development and progression. The ability of aberrant methylation events to serve as diagnostic and prognostic markers is being appreciated for many cancers, including prostate cancer. Using quantitative MethyLight technology, we evaluated the relationship between HOXD3 methylation and clinicopathological parameters including biochemical recurrence, pathological stage, Gleason score (GS), and Gleason pattern in a series of 232 radical prostatectomies performed between 1998 and 2001. HOXD3 methylation was significantly greater in GS 7 cancers vs GSr6 cancers (P-value o0.001) as well as pT3/pT4 vs pT2 cancers (P-value o0.001). The proportion of cases with high methylation in GS 7 vs rGS 6 and pT3/pT4 vs pT2 were also significantly different (P-values ¼ 0.002 and 0.005, respectively). There were also significant increases in methylation from Gleason pattern 2-3 and from pattern 3 to 4/5 (paired t-test P-values ¼ 0.01 and o0.001, respectively), whereas methylation from lymph node metastases was decreased when compared with matched tumor tissue (P-value ¼ 0.029). HOXD3 methylation was associated with biochemical recurrence in univariate analysis (P-value ¼ 0.043) and showed evidence for interaction with pathological stage as a predictor variable in Cox regression analysis (P-value ¼ 0.028). The results indicate that HOXD3 methylation distinguishes low-grade prostate cancers from intermediate and high-grade ones and may also have prognostic value when considered together with pathological stage.
Prostate cancer (PCa) is the most common malignancy for North American men, and in 2009 it is estimated that it will account for 427 000 deaths in the United States. 1 The widespread acceptance of routine PSA testing has led to dramatic increases in PCa diagnoses over the past two decades, while the benefits of such testing remain controversial. 2, 3 Therefore, predicting disease course and outcome of diagnosed cases has received attention recently as many of these cancers are of a slow growing or indolent form, whereas others may progress rapidly and result in metastasis and death. The best prognostic indicator for PCa, Gleason score (GS), characterizes the glandular architecture of the prostate and assigns a score based on 'de-differentiation' of the carcinoma. 4 The extent of de-differentiation is represented by Gleason patterns, which range from 1 to 5. Pattern 3 and pattern 4 represent an important transition from low-to high-grade carcinoma, and can influence patient prognosis depending on the relative proportions present in the cancer. Pure pattern 3 (GS 6) PCas are low grade, whereas pure pattern 4 (GS 8) cancers are high grade. 5 GS 7 cancers (composed of glandular patterns 3 and 4 in variable amounts) are considered intermediate grade. Pretreatment identification of GS 7 cancers (ie presence of Gleason pattern 4) is considered key to distinguish indolent or clinically insignificant PCa from those that require treatment.
DNA methylation is a well-characterized epigenetic event involving the addition of a methyl group to cytosine bases that precede a guanine (CpG). This modification has an important function in promoting chromosomal stability and regulating gene expression. 6, 7 In mammals, enriched DNA stretches of CpG dinucleoties known as CpG islands are common in the promoter regions of B50% of genes. 8 With the exception of tissue-specific methylation patterns, most promoter CpG islands are hypomethylated, whereas B70% of total CpG dinucleotides exist in a methylated state. 9 Aberrant methylation patterns occur frequently in cancers, including an overall hypomethylation of genomic CpGs. 10 Gene-specific anomalies are also common, however, and can lead to the inactivation of tumor suppressor genes or to the activation of oncogenes. 8, 11 The former arises through hypermethylation of promoters, whereas the latter occurs when promoter CpG islands become hypomethylated. Importantly, promoter methylation events are being recognized for their potential as both diagnostic and prognostic indicators for a variety of malignancies including bladder, prostate, and colon cancers. 12, 13 We have previously identified HOXD3 promoter hypermethylation in PCa through a genome-wide CpG island microarray screen of GS 6 and GS 8 cases.
14 To assess the contribution of HOXD3 methylation as a diagnostic/progression marker in this study, we have now examined a larger series of PCa using a quantitative methylation approach, and we analyzed the relationship of HOXD3 methylation levels with clinicopathological parameters.
MATERIALS AND METHODS Patients and Pathology
A total of 232 patients diagnosed with PCa between 1998 and 2001 at the University Health Network (UHN) in Toronto were included in this study. We included an additional 11 PCa cases (for a total of 243) with lymph node metastases to attain a total of 16 cases in this subgroup. Both the primary cancer and the metastatic lymph node (MLN) lesion from these cases were analyzed. These cases were not included in the survival analysis, as there was an insufficient time span for follow-up data to be collected (diagnosed between 2002 and 2009). Patient consent was obtained for accrual of removed tissue following radical prostatectomy into the UHN tissue bank. All samples and clinical and pathological follow-up information were obtained according to the protocols approved by the Research Ethics Board at Mount Sinai Hospital, Toronto and UHN, Toronto. All patients who received neo-adjuvant therapy before radical prostatectomy were excluded from the study.
The complete set of hematoxylin and eosin (H&E)-stained slides from each prostatectomy was collected and reviewed by an expert pathologist (TVDK) to confirm GS (WHO/ISUP criteria), stage (TNM), and surgical margin status. For each case, a subset of slides was selected based on the presence of carcinoma with specific Gleason patterns representing the overall GS. Both a pattern 3 and a pattern 4 were selected for Gleason 7 cases where possible. Tumor areas representative of each Gleason pattern were marked on the H&E-stained slides corresponding to an area of at least 80% neoplastic cellularity. Matched normal tissue containing at least 50% glandular content was also selected for each case where possible.
DNA Extraction
Formalin-fixed, paraffin-embedded tissue blocks matching the selected H&E slides were sectioned at a thickness of 10 mm. These tissue slides were then superimposed on H&E slides and each area of cancer was outlined. The circled areas of tissue slides were then scraped with a scalpel and tissue placed into 1.5 ml tubes.
DNA was extracted from tissues using QIAamp DNA Mini Kit (Qiagen, Mississauga, ON, Canada) with a modified protocol. Briefly, 270 ml of buffer ATL was added to tissue followed by 30 ml of proteinase K. The tissue was digested overnight at 561C and 20 ml of proteinase K was added the following day. The tissue was then incubated at 561C further for 1 h, and an equal volume (320 ml) of buffer AL was added with an incubation of 701C for 10 min. One volume of ethanol (320 ml) was then added, with the remainder of the steps performed according to the manufacturer's recommended protocol for tissue DNA extraction.
Sodium Bisulfite Modification and MethyLight
A measure of 400 ng of extracted DNA was converted using the EZ DNA Methylation Gold Kit (Zymo Research, Oragne, CA, USA) according to the manufacturer's protocol and eluted to a final concentration of 20 ng/ml.
The quantitative MethyLight assay was performed as described earlier using 20 ng converted DNA. 15 The reactions were carried out in a volume of 30 ml in 96-well plates on an ABI 7500 Real-Time PCR system. Standard curves were generated using serial dilutions of positive control supermethylated DNA for the gene of interest and Alu repeats. Percentage of methylated reference (PMR) for a gene was calculated using Alu repeats as reference as follows: (HOXD3/ Alu fluorescence quantity ratio for modified specimen DNA)/ (HOXD3/Alu ratio for supermethylated DNA) Â 100%. For each case, at least one or more (up to six) tumor foci were analyzed. All foci were analyzed in duplicate. Primer/probe sequences for the HOXD3-assayed region were as follows:
Statistical Analysis PMR scores for each sample analyzed were obtained from averaging duplicate runs. When multiple foci were analyzed for each PCa specimen, an individual PMR value was assigned to each case based on an average of the PMR values obtained for each focus within that case. Univariate disease-free survival (biochemical recurrence) was calculated using the log-rank test and Kaplan-Meier method. Multivariate Cox proportional hazards regression analysis was used to analyze individual contributions of each variable to disease-free survival. We used both a Wald method and likelihood ratio test (LRT) to analyze the data. The LRT tests for significance of variables by comparing the full model to a reduced model, with the reduced model missing the variable that is being tested for significance. For both univariate and multivariate analyses, HOXD3 methylation was separated into two groups of high methylation (HM) and low methylation (LM) based on a third quartile threshold as described earlier. 16, 17 Briefly, the data for 232 cases was split based on PMR values above the third quartile vs those in the lower three quartiles. Those PMRs in the upper quartile were classified as HM, whereas those below this value were considered LM.
Analysis of the relationship between average HOXD3 methylation and GS, pattern and stage was done using the Mann-Whitney U-test. Pearson w 2 tests were used to analyze proportional differences between HM cases in each category of GS, pattern, and stage. The Fisher exact method was used to replace the Pearson tests when spreadsheet cell counts were o5. Further, we performed paired t-tests for matched Gleason pattern analysis and matched MLN/primary cancer analysis. For Gleason pattern data, we used the PMR from each of the cancer foci in every case to establish HM and LM categories, again separating based on the third quartile.
For all described methods, P-values of r0.05 were considered significant. Statistics were performed using SPSS (Chicago, IL, USA) and R statistical software. Table 1 displays the clinicopathological characteristics of the 232 patients included in the study. The average age of patients was 61 years. A total of 85 patients (36.5%) had biochemical recurrence, whereas the mean follow-up time was 1600 days (range 63-3460).
RESULTS

Clinical and Pathological Variables
Methylation in Normal Tissue, Primary Cancer, and Metastasis
We initially analyzed average methylation values in PCa specimens (519 total from 232 patients) compared with matched normal tissue (229 total specimens). The average PMR for PCa was significantly higher than normal tissue (27.4 vs 7.6, respectively, Mann-Whitney P-value o0.001). w 2 analysis also showed a greater proportion of HM cases in cancer specimens compared with normal (26.4 vs 0.4%, P-value o0.001). Furthermore, we performed receiver-operator curve analysis to determine the suitability of this marker to accurately distinguish cancer from normal tissues. We chose the PMR value that maximized sensitivity and specificity in identifying cancer vs normal tissue. The area under the curve was 0.798 (95% confidence interval: 0.767-0.830), with a sensitivity and specificity of 61.8 and 86.9%, respectively (Supplementary Figure 1) .
We also analyzed PCa that had metastasized to lymph nodes (MLN , Tables 2 and 4 ) and the corresponding primary PCa using a paired t-test. Interestingly, we found significant decreases when comparing matched MLN tissue to the primary tumor (average PMR difference À16.9, P-value ¼ 0.029).
HOXD3 Methylation and GS/Pathological Stage
Next, we determined whether methylation of HOXD3 increased in conjunction with increasing GS. The data were separated into groups of low (GSr6), intermediate (GS ¼ 7), and high grade (GSZ8). Average PMR values for these groups are given in Table 2 . Using an ANOVA model, we found a significant difference (P-value o0.001) between GSr6, 7, and Z8 PCa. Further subdivision of the categories revealed increases of average PMR between the GS 7 and r6 subgroups (28.9 vs 18.8, respectively; P-value o0.001) and a higher proportion of HM cases in the GS 7 group vs the GSr6 group (30.8 vs 12.9%, P-value ¼ 0.002). We also tested for differences between Gleason 7 cases that were predominant pattern 3 (3 þ 4) vs predominant pattern 4 (4 þ 3). Although a comparison of PMR averages revealed greater methylation in 4 þ 3 vs 3 þ 4 approaching significance (33.5 vs 27.0, respectively; P-value ¼ 0.076), the number of HM cases in each group was similar (w 2 P-value ¼ 0.605). Similarly, we examined the relationship of HOXD3 methylation with pathological stage (Table 3) . Again, we found significant differences overall between organ confined pT2 cases and invasive pT3/pT4 cases, with greater average methylation (32.3 vs 21.7, P-value o0.001) and a greater proportion of HM cases (35.2 vs 18.8%, P-value ¼ 0.005) in pT3/pT4 cases vs the pT2 group.
HOXD3 Methylation and Gleason Pattern
Next, we analyzed methylation differences between each Gleason pattern. Patterns 4 and 5 were grouped into the same high-grade category due to a small number of observations for pattern 5 carcinoma (n ¼ 8). Initial ANOVA analysis demonstrated significant differences between all groups (P-value o0.001), whereas comparison of means between subdivided groups showed significant stepwise PMR increases comparing pattern 2 to 3 (6.8 vs 23.2, respectively; P-value o0.001) and pattern 3 to 4/5 (23.2 vs 35.3, respectively; P-value o0.001). Furthermore, we compared the methylation levels from identical Gleason patterns obtained from different GS. Therefore, pattern 3 from Gleason 7 was compared with pattern 3 from Gleason 6, and pattern 4 from Gleason 8 was compared with pattern 4 from Gleason 7. Although we did not observe significant differences for average PMR or HM frequencies in either of the subdivided categories, there was a greater PMR average of pattern 3 from GS 7 vs pattern 3 from GSr6 that approached significance (24.9 vs 20.9, respectively; Mann-Whitney and w 2 Pvalues ¼ 0.07 and 0.190, respectively).
In addition, we used a paired t-test to distinguish whether HOXD3 methylation continues to be associated with higher Gleason patterns within individual cases (Table 4) . We detected increases in methylation between matched normal tissue and each of patterns 3 and 4/5. Pairwise comparisons of Gleason pattern 3 vs 2 (average PMR difference 10.5, P-value ¼ 0.01) and 4/5 vs 3 (average PMR difference 9.3, P-value o0.001) also showed significant increases in higher Gleason patterns.
Biochemical Progression-Free Survival
Univariate log-rank analysis of GS, stage, and surgical margin status showed that each are significant predictors of biochemical recurrence (Figure 1a-c) , indicating that the series of patients included in this study is representative of populations studied earlier. 18, 19 We next examined the relationship between biochemical recurrence and the HM or LM groups. Univariate analysis of those in the HM group vs LM group revealed significant differences in disease-free survival (Figure 1d , log-rank P-value ¼ 0.043). The probability of biochemical progression in the HM group was 43.1%, whereas in the LM group it was 34.5%. Furthermore, we performed multivariate Cox regression analysis of our data (Table 5 ). Significant predictors of biochemical progression-free survival included GS, pathological stage, and surgical margin status, whereas age and HOXD3 methylation status were not significant predictors. We included interaction terms into the regression analysis to determine whether there were any associations between HOXD3 methylation and pathological variables with respect to progression-free survival. We found that the interaction involving pathological stage and HOXD3 methylation was a significant predictor of biochemical recurrence, whereas the remaining interactions of HOXD3 methylation with GS, age, and surgical margins were not. Thus, HOXD3 methylation in combination with known pathological stage (invasive stages in particular) is an independent predictor of biochemical recurrence.
DISCUSSION
Homeobox genes are a family of transcription factors that were first identified in Drosophila and characterized by their ability to cause large-scale patterning abnormalities when mutated. 20, 21 These genes contain a highly conserved 183 bp region encoding a 61 amino acid helix-turn-helix DNAbinding motif known as the homeodomain. 22, 23 In humans, there are over 200 such genes containing this motif, and many of them have been identified as aberrantly expressed in cancers. 24, 25 For example, overexpression of HOXC6, PAX2, and BP1 have been described in PCa. [26] [27] [28] We have previously shown that methylation of homeobox genes is a common event in PCa, 14 whereas others have shown similar results in so-called methylation 'hot spots' within HOX loci. 29, 30 In particular, we demonstrated methylation of the HOXD3 region in primary PCa and that this methylation leads to gene silencing in DU-145 cells. 14 Our results show that HOXD3 methylation is elevated in intermediate grade GS 7 compared with low-grade GS 6 tumors. Gleason 6-7 represents a biologically and clinically important switch point as GS 7 cancers have an unfavorable prognosis compared with those of lower grades. Assigning a HOXD3 methylation value in conjunction with GS may have important clinical applications. GSs assigned on a biopsy are often inaccurate as compared with the GS assigned in the corresponding prostatectomy specimen and may lead to inappropriate treatment strategies. 31, 32 Similarly, clinical staging lacks accuracy as many cancers seem to be understaged if compared with the pathological stage. Therefore, a marker that is indicative of a higher grade and stage of PCa could be helpful in clinical decision making. HOXD3 methylation may also be detectable in voided urine samples or following prostatic massage as has been shown for other methylation markers, 33 thus allowing a diagnosis/prognosis before any further invasive exams as detection of methylation would indicate the presence of high-grade disease.
A unique aspect of this study was the large-scale comparison of different Gleason patterns from matched PCa specimens. We were able to show that HOXD3 methylation is significantly greater in high-grade vs low-grade Gleason patterns, either when comparing overall averages or when matching patterns to the same patient. Importantly, we observed increases in PMR for HOXD3 progressing from matched normal to pattern 3 and further onto high-grade patterns 4 or 5. It is possible that methylation of HOXD3, along with other genetic and/or epigenetic events, is responsible for progressive de-differentiation of PCa foci. For example, loss of expression of the homeobox gene PDX1 has been shown to have an inverse correlation with increasing Gleason pattern. 34 In addition, loss of the androgen responsive gene NKX3.1 (required for differentiating prostate epithelial cells) has been reported as HOXC8 overexpression contributing to a loss of differentiation. [35] [36] [37] Hence, it is likely that the proper expression of specific homeobox genes (including HOXD3) is crucial for the maintenance of a differentiated tissue phenotype, which is concordant with the role that homeobox genes have in the development of tissuespecific architecture. 38, 39 However, an alternative to this would be that HOXD3 methylation may be an epiphenomenon of these processes instead of a cause. Future work is necessary to address this issue.
Interestingly, we did not observe any overall differences in methylation between normal tissue and Gleason pattern 2 carcinomas. In fact, paired analysis of matched normal with pattern 2 revealed a significant decrease in methylation. One possible explanation may be that pattern 2 carcinomas often arise from the transition zone of the prostate, and transition zone carcinomas are typically not as aggressive as cancers in the peripheral zone. 40, 41 DNA methylation patterns may differ according to different prostatic zones from which the cancers arise, and thus may relate to good or poor prognosis. We also found that lymph node metastatic tissue had less HOXD3 methylation than corresponding matched primary PCa. A similar trend of increased methylation in high-grade patterns 4 or 5 with reduced methylation in MLN and bone tissue for the ER-b has previously been reported in PCa. 42 It is possible that PCa cells that migrate into a different niche On multivariate Cox regression analysis with classical prognostic markers (GS, stage, surgical margin status), the contribution of methylation status to the model was not statistically significant. There may be multiple reasons for this occurrence. First, our cohort was also limited by relatively few Gleason Z8 cases (n ¼ 24), which may have affected the recurrence analysis. Second, methylation of this locus might be one of a panel of methylation markers, which together predict PCa disease course with a high degree of accuracy. Prior studies have shown the usefulness of multigene methylation panels for diagnosis and prognosis of PCa. 16, 43 It is worthwhile to note, however, that we observed an interaction between HOXD3 methylation and pathological stage in predicting biochemical recurrence, indicating that HOXD3 HM maybe useful for determining which higher stage cancers will likely recur. Thus, HOXD3 may also be clinically useful after surgery when considered along with stage, perhaps warranting more aggressive treatment in patients with pT3a tumors.
The role that HOXD3 may have in PCa development and progression has not been elucidated. Similar to PCa, this gene has been shown to be methylated in A549 lung cancer cells. 29 Functional analysis of HOXD3 has shown that overexpression drives angiogenesis, and in lung cancer A549 cells it contributes to a metastatic phenotype via coordinate expression of metastasis-related genes and through TGFb dependent and independent mechanisms. 44, 45 Whether the paradoxical situation of methylation and increased expression leading to metastasis exists in PCa is not known. Our MLN methylation results suggest, however, that methylation may be lost in a subset of cases, which could lead to a metastatic phenotype. It may be that complex mechanisms exist to maintain proper expression of HOXD3 in tissue-specific settings, and DNA methylation may only partially contribute.
In conclusion, we have characterized HOXD3 promoter methylation in a series of PCa cases and analyzed its relationship to classical clinicopathological parameters. We have shown that methylation levels are significantly greater in intermediate-grade vs low-grade GSs, and have shown increased methylation with loss of tumor differentiation according to Gleason patterns. Future work is necessary to elucidate both the clinical utility and functional relevance of HOXD3, including possible detection in urine/serum of PCa patients as well as the role of methylation and/or abnormal expression of this gene in PCa progression.
